Aggregate accounts for a large volumetric rate within concrete and influences the properties of concrete. In this investigation, the effect of aggregate properties on drying shrinkage of concrete was examined. It had been thought before that aggregate plays a role in restraining the shrinkage of cement paste, and that the shrinkage of aggregate itself can be neglected. However, according to the results obtained by this experiment, the shrinkage of aggregate is not necessarily negligible and it is strongly related to the shrinkage of concrete. Lightweight aggregate with a lower modulus of elasticity offers less restraint on the potential shrinkage of cement paste, then the large shrinkage of concrete is expected, but the actual shrinkage of lightweight concrete is comparatively small. It was demonstrated by this experiment that because of the small shrinkage of lightweight aggregate, shrinkage of lightweight concrete is relatively small. The shrinkage of normal aggregate is generally larger than that of lightweight aggregate, and it is necessary to pay attention to the usage of normal aggregate.
Introduction
Structural artificial lightweight aggregate was used in Japan for the first time in 1964. The advantage of structural lightweight concrete using lightweight aggregate is the reduction of dead load, so the application of lightweight concrete increased rapidly after that. Meanwhile, investigations of lightweight concrete were also pursued continually. The results of these investigations contributed to the spread of lightweight concrete, but a number of problems and questions regarding lightweight concrete also came out from these investigations.
One of the problems was that tensile and bending strengths decrease considerably during drying, and one of the questions was that drying shrinkage is comparatively small. Drying shrinkage of lightweight concrete is expected to be large because lightweight aggregate with a lower modulus of elasticity offers less restraint on the potential shrinkage of cement paste. However, various experiments done in Japan have confirmed that shrinkage of concrete made with lightweight aggregate is approximately equal to or even smaller than shrinkage of normal concrete.
The author carried out research in order to identify the causes of these problems and questions. It was proved that the reduction of tensile and bending strengths during drying is caused by the steep gradient of water content from the surface toward the interior of lightweight concrete, which causes large shrinkage stress. It was also made clear that drying shrinkage of lightweight concrete is small because of the small shrinkage of lightweight aggregate itself. These results were published in the Proceedings of Japan Society of Civil Engineers by Fujiwara (1976, 1979) , and the author thought that these problems were resolved completely.
Since then, the author's papers did not arouse public interest because the use of lightweight concrete in Japan did not increase, contrary to expectations. However, the author's results have been quoted recently in order to clarify the cause of a problem that does not concern lightweight concrete directly. The problem is the occurrence of remarkable construction cracks and the suspicion attached to the quality of the used normal aggregate (JSCE 2005) .
The author also dealt with normal aggregate for comparison with lightweight aggregate during the examination of drying shrinkage, and lightweight aggregate showed smaller shrinkage than normal aggregate. In other words, shrinkage of normal aggregate was, generally speaking, larger than that of lightweight aggregate, and some normal aggregates showed extremely large shrinkage. In spite of this result, so far it has been thought that normal aggregate does not generally shrink to any significant degree. Then, the problem that the shrinkage of normal concrete appears large beyond expectations emerged, and the author's indication that shrinkage of normal aggregate itself cannot be disregarded began attracting special interest for the first time (Imamoto and Arai 2008 ; Asamoto et al. 2008) .
The author's original papers were published only in Japanese. Professor Mihashi, Editor-in-Chief of ACT, considered a clarification of the influence of aggregate on shrinkage of concrete written up approximately 30 years to be of use and recommended to publication of the papers in question as an invited paper of ACT in order to disseminate this fact to the world. This paper was written based on his recommendation, with the last two past papers united as one and translated into English.
Change in length of aggregate due to absorption and drying

Purpose
Aggregate accounts for a large volumetric rate within concrete and influences the nature of concrete. Conventionally, it has been thought that drying shrinkage of concrete is caused mainly by shrinkage of cement paste, and that aggregate serves as a restraint on the shrinkage of cement paste. Accordingly, lightweight aggregate with a lower modulus of elasticity should offer less restraint on the potential shrinkage of cement paste and this should lead to higher shrinkage of concrete than normal aggregate. However, not a few experimental results in Japan indicate that shrinkage of concrete made from lightweight aggregate is approximately equal to or even smaller than shrinkage of normal concrete.
These results are contrary to the general concept, and there is the possibility that the length change of aggregate itself is related to this unique phenomenon. The purpose of this experiment is to measure the length change of aggregate due to absorption and drying.
Method of experiment (1) Length change measurement method
Aggregate particles are one of the difficult objects to measure the length change of, because they are comparatively small in size and are irregular in shape and roundish, and have an uneven surface. These characteristics seem to be the reason why this field of research is difficult. Therefore, the establishment of measuring methods is the first step to be solved. In this experiment, three methods were devised as the result of many considerations and improvements.
The first method uses an electric wire strain gauge that is stuck on the circumference of the aggregate and travels almost fully around the circumference of the aggregate, as shown in Fig. 1 . In the case of this method, dampproofing of the gauge is very important because the specimen is soaked in water. Aggregate is an absorbent material, so moisture absorption from the back of gauge as well as the surface of gauge must be noted. The specimens were carefully prepared with full attention paid to this point.
The second method uses a contact type dial gauge. In this method, several pieces of aggregate are connected in order to ensure a gauge length of 100 mm, as shown in Fig. 2 . The measurement points are stuck on four faces, and the length change is the average of the four points. This is a mechanical measuring method that is not affected by moisture absorption and is more appropriate than the electric method using a wire strain gauge. Warping due to wetting and drying was a concern because the specimen is long and thin, but it was confirmed by another preparatory experiment that while some warping occurs, it has practically no influence on length change values.
The third method uses an electronic micrometer, as shown in Fig. 3 . In this method, changes in electric resistance are used for measuring changes in length like the electric wire strain gauge, but the value of the resistance is not affected even if the measured part is exposed to water. However, this method is very sensitive to vibration, so special attention was paid to the minimization of vibration.
(2) Water content change measurement method In the case of the method using contact type dial gauge, changes in water content can be known directly by measuring changes in the mass of specimen. On the other hand, changes in water content cannot be measured directly in the case of the method using an electric wire strain gauge and the method using an electronic micrometer. For the latter two cases, changes in water content were measured using another specimen that had the same surface area for absorption as the one for measuring the length change. Both were laid under the same environmental conditions.
(3) Materials used
For normal aggregate, river gravel from Shizukuishi River in Iwate Prefecture and Shiroishi River in Miyagi Prefecture was used. Because river gravel is a mass of stones with various qualities and its length change is thought to be affected by the quality of the stones, the river gravel was classified according to the stone quality. In order to confirm the influence of the stone quality, the length change of a core sample with a diameter of 15 mm consisting of rock from Iwate Prefecture was also measured. For lightweight aggregate, three kinds of commercially available artificial lightweight aggregate were used. They were pelletized type M, coated type M and pelletized type B. Table 1 lists the physical properties of the used aggregate.
In order to make the characteristics of the length change of aggregate clearer, the length change of cement paste made from Ordinary portland cement was also measured, using a specimen consisting of a cylinder with a diameter of 15 mm.
Experimental results and discussions (1) Comparison among length change measuring methods
In this experiment, three methods for measuring length changes of aggregate were used. Figure 4 shows the length changes measured by these three methods for artificial lightweight aggregate pelletized type M. The aggregate under absolute dry condition was left in air with 70% relative humidity, and was then soaked in water for 24 hours. After soaking, it was left again in air with 70% relative humidity. The temperature of both the air and in water was 20°C. The figure shows the change in strain from the beginning of soaking.
Each of the specimens swelled in water and shrank in air; this commonality persists regardless of the measuring method that is adopted, so the tendency of length change can be known by any of the measuring methods. Comparing the absolute strain of each method, the change in strain measured by electric wire strain gauge is larger than that of the other two methods, and there is a residual strain after long-term drying in the case of this method (Fig. 4) . These changes seem to be caused by insufficient dampproofing of the gauge. As mentioned above, special attention was paid to dampproofing but there is a possibility that the dampproofing was not perfect. Thus the reliability of values measured using the electric wire strain gauge can be judged as somewhat poor.
In the case of the electronic micrometer, the reliability of measured values is thought to be high because the results obtained with this method are not influenced by moisture absorption. However, measuring various specimens with this method takes a long time because the equipment can measure only one specimen at a time.
These two methods have their respective difficulties, while the method using the contact type dial gauge is not affected by moisture absorption and allows the simultaneous measurement of many specimens. The values measured by this method are close to the ones ob- tained with the electronic micrometer, so the reliability of this method is thought to be high. In this experiment, the contact type dial gauge was mainly used for these reasons.
(2) Length change of normal aggregate The variations of strain and water content of normal aggregate with the passage of time were measured under two different experimental conditions. One condition consisted in only soaking the aggregate in water and the other condition consisted in drying the aggregate dried in air with relative humidity of 70% after soaking it in water for 24 hours. Figure 5 shows the variations of granite from Shiroishi River. The aggregate swelled in water and shrank in air almost to the pre-soaking length. These changes in strain with the passage of time are similar to the changes in water content. Although this relationship between strain and water content is natural, it differs from the case of lightweight aggregate, as mentioned later.
The river gravels with other stone qualities and samples made from rock showed the same tendency in length change as described in this figure. However, the absolute value of length change was influenced considerably by stone quality. Table 2 lists the average swelling strain of each aggregate by absorption in water for approximately 1600 hours. The swelling strain of river gravel and rock remarkably depends on the stone quality. Figure 6 shows the relation between absorption and swelling strain of each specimen made from river gravel and rock due to soaking in water for 24 hours. The line connecting the average of each stone quality of river gravel is almost straight, so it is recognized that absorption and swelling strain are roughly proportional to each other. On the other hand, the deviation of each specimen from this straight line is large, so swelling strain cannot be interpreted by absorption only.
(3) Length change of lightweight aggregate An example of the results about lightweight aggregate, measured under the same experimental condition as normal aggregate, is shown in Fig. 7 . Swelling strain of lightweight aggregate after long term soaking is also shown in Table 2 .
The tendency of aggregate to swell in water and shrink in air almost to the original length was observed alike in all three kinds of lightweight aggregate. Lightweight aggregate shows a characteristic change at the initial stage of drying, in which the rate of shrinkage of the aggregate is relatively slow, while the water content decreases promptly. to one another and so the quality of this aggregate is supposed to be uniform, the qualities of pelletized type M and coated type M vary widely. Compared in terms of average, the strain of coated type M is largest. When the average of each lightweight aggregate is correlated linearly, the inclination of the line is considerably different from that of normal aggregate. This means that the magnitude of length change cannot be interpreted solely by absorption for both normal and lightweight aggregate.
(4) Length change of cement paste
In order to clarify the role of aggregate in the shrinkage of concrete, similar measurements were carried out for cement paste. After curing in water for 7 days, the specimen of cement paste was dried in air with relative humidity of 70% until the shrinkage became almost constant, and was then soaked in water again. The length changes were measured under two conditions. One condition was soaking of the paste only in water for a long time and the other condition was drying of the paste in air after soaking in water for 24 hours. Figure 9 shows the changes in length and water content of the cement paste with a 50% water-cement ratio as an example of the measured results. The tendency that the paste swells in water and shrinks in air is same as the case of aggregate. Figure 10 shows typical examples of the change in length of each material due to absorption and drying. The length change of cement paste is considerably larger compared with aggregate, so it can be reconfirmed from this figure that the dominant cause of length change of concrete is the length change of cement paste.
(5) Comparison of each material
The length change of normal aggregate shows a value several times larger than that of lightweight aggregate. This experimental result is completely contrary to the expectation that the length change of lightweight aggregate must be larger because aggregate is porous and has a small elastic modulus. This comparison between aggregates gives an important key for solving the question of why drying shrinkage of lightweight concrete is unexpectedly small. It is highly probable that drying shrinkage of lightweight concrete is small because drying shrinkage of lightweight aggregate itself is small.
Drying shrinkage of concrete causes many problems such as cracking. The small shrinkage of lightweight aggregate is desirable for lightweight concrete since it makes the drying shrinkage of concrete small. On the other hand, the length change of normal aggregate in almost all cases is larger than that of lightweight aggregate although it depends on the stone quality. As shown in Fig. 6 , there exists normal aggregate whose strain is approximately 500×10
-6 in spite of its absorption of under 1%. This example indicates that the estimation of length change of normal aggregate done in the past was underrated. (6) Mechanism of length change of aggregate The drying shrinkage of concrete is dominated by the shrinkage of hardened cement paste. As for the mechanism of shrinkage of the hardened cement paste, much research has been done thus far and several theories have been presented. Regarding aggregate on the other hand, there has been a tendency to ignore the length change of aggregate, so research that discusses the mechanism of length change has been almost non-existent. In response, Kondo et al (1966) measured the length change of lightweight aggregate made experimentally by themselves due to absorption and drying, and they found that the aggregate swells remarkably in the late stage of drying. They thought that the swelling is caused by the disappearance of the negative pressure of the meniscus.
According to the capillary tension theory about drying shrinkage of hardened cement paste, shrinkage due to drying is caused by the negative pressure in the capillary cavities that form the meniscus during drying. As drying progresses, the number of capillary cavities that form the meniscus increases, which increases shrinkage. When water in capillary cavities has been removed almost perfectly by further drying, the negative pressure disappears so that the hardened cement paste swells to the pre-drying length. Kondo et al. thought that the cause of swelling of lightweight aggregate at the late stage of drying is the disappearance of the negative pressure of the meniscus according to the capillary tension theory. If lightweight aggregate swells in concrete, it reduces the shrinkage of concrete, so the cause of the phenomenon of the shrinkage of lightweight concrete being unexpectedly small can be interpreted rationally.
In author's experiment, commercially available lightweight aggregate was used. Figure 7 shows the length change of the commercially available lightweight aggregate due to absorption and drying. Even if the aggregate is dried up until the water content becomes approximately zero, swelling does not occur. The figure shows only one measured example but all lightweight aggregates measured here merely shrank. Therefore, the swelling at the late stage of drying seems to be a phenomenon peculiar to the lightweight aggregate made experimentally, so the cause of the small shrinkage of lightweight concrete used actually cannot be explained by this swelling due to drying. It is also impossible to interpret the length change of commercially available lightweight aggregate by the capillary tension theory.
As for the mechanism of drying shrinkage of hardened cement paste, the surface adsorption theory, swelling pressure theory, interlayer water theory, as well as the capillary tension theory, are known as influential theories. According to any of these three theories, the paste will swell by absorption and shrink by drying. The length changes of both normal and lightweight aggregate due to absorption and drying measured in this experiment coincide with the length changes derived from the three theories. The interlayer water theory, however, is thought to be applicable only to hardened cement paste, while the other two theories may be able to explain the length change of aggregate.
According to the surface adsorption theory, the surface energy of solids changes with adsorption of water to the surface of the solid or withdrawal of water from the surface, and the length of the solid changes as a result. In the case of adsorption, the surface energy decreases and the solid swells. According to the swelling pressure theory, the pressure that separates solid particle occurs due to seepage water in the case of absorption, causing the solid to swell. Figure 11 shows changes in mass and length when aggregates under absolute dry condition were left in a fog room with relative humidity of 100%. Although the increases in mass of both normal and lightweight aggregate were slight, swelling strain was large. Especially in the case of the normal aggregate, the swelling strain was almost equal to the aggregate soaked in water, as shown in Fig. 5 . This result means that the adsorption of water to the solid surface within aggregate causes the swelling, and that the decrease in surface energy is the dominant cause of the swelling compared with the swelling pressure.
The length change of porous material caused by the change in surface energy is expressed as follows according to Bangham et al. (1930) .
where, ρ: specific gravity, S: surface area, γ: change in surface energy, E: modulus of elasticity. Although many factors are related to the length change, the surface area seems to be the most important factor. Assuming that other factors are constant, the length change can be expressed as follows. 
The surface area, here, is the internal surface area, which is the surface area of the substance surrounding pores within aggregate. This internal surface area was measured by the nitrogen adsorption method. Figure 12 shows the relation between this internal surface area and the swelling strain after soaking for approximately 1600
hours.
It was difficult, as mentioned above, to find a definite relation between absorption and the swelling strain for both normal and lightweight aggregates. On the other hand, there exists an obvious proportional relation between the internal surface area and the swelling strain for both normal and lightweight aggregates, although there is some scattering of the data. This means that the most important factor related to length change of aggregate is the internal surface area, and that equation (2) based on the surface adsorption theory is basically correct.
(7) Characteristic of lightweight aggregate
In spite of the fact that lightweight aggregate is porous, its length changes due to absorption and drying are comparatively small. It can be seen from Fig. 12 that because of the small internal surface area, the length change of lightweight aggregate is small. The small internal surface area of lightweight aggregate, in spite of having a great many pores within itself, seems to come from the particular pore structure. Figure 13 shows the pore size distribution of aggregates measured by the mercury penetration method. The lightweight aggregate has many pores whose total volume is 3.5 times of the pores in the normal aggregate. The lightweight aggregate exhibits a great number of large size pores in particular, while having fewer small size pores compared to the normal aggregate. The internal surface area is determined mainly by the amount of small size pores. The lightweight aggregate has a few small size pores, so the internal surface area seems to be small.
In manufacturing lightweight aggregate, raw material such as expanded shale is sintered at high temperature and the raw material solidifies into glass. At this time, gas occurs within the material and is confined by the glassy material, so large size pores form there. As the result of recrystallization to glass, the raw material looses its micro pores, resulting in a small number of micro pores of lightweight aggregate. The pore structure within lightweight aggregate characterized by an important number of large size pores and a small number of micro pores comes from the high-temperature sintering during the manufacturing process.
As already indicated in Fig. 7 , changes with the passage of time in water content and length due to absorption and drying of lightweight aggregate differ from each other. Figure 14 shows the relation between water content and strain of lightweight aggregate, pelletized type M, which was soaked in water for a long time and then was dried in air.
There exists a proportional relation between water content and strain in the case of normal aggregate, and the locus of the drying curve almost coincides with that of the absorption curve. On the other hand, in case of lightweight aggregate, strain is not linearly proportional to water content, and the loci of the absorption and drying curves do not coincide with each other. The characteristic of the pore structure of lightweight aggregate is considered to contribute to the complexity of the relation between water content and strain. Considering the pore structure, the relation can be explained as follows.
The penetration of water into micro pores takes place first when lightweight aggregate is soaked in water. The aggregate swells rapidly because the surface area with adsorbed water is large. When water penetrates into large pores by further soaking, swelling slows down while the water content increases considerably. Water evaporation from large pores takes place first during drying, so the water content decreases promptly but shrinkage does not occur rapidly because water remains in the micro pores. When drying progresses until water evaporates from the micro pores, shrinkage becomes rapid.
Effect of aggregate on drying shrinkage of concrete
Purpose
According to the measurement of length change of aggregate due to absorption and drying, the length change of lightweight aggregate tends to be smaller than that of normal aggregate. From this result, drying shrinkage of lightweight concrete is presumed to be small mainly because shrinkage of aggregate itself is small, but it is necessary to confirm this presumption through the measurement of drying shrinkage of concrete. The purpose of this experiment is to clarify the effect of aggregate on drying shrinkage of concrete including the confirmation of the presumption.
Method of experiment (1) Preparation of aggregate sample
For convenience of analysis, it is desirable to use aggregate with uniform stone quality. The quality of lightweight aggregate particles produced from a particular material seems to be approximately uniform, but river gravel is composed of stones with various qualities so crushed stones were used in this experiment as normal aggregate. The crushed stones are not commercial available and those used were made from rocks gathered from Iwate Prefecture for this experiment. Classifying rock stones according to the origin of the rock, they are 19 kinds of igneous rocks, 4 kinds of metamorphic rocks and 15 kinds of sedimentary rocks, as shown in Table 3 . Adding 5 artificial lightweight aggregates to 38 normal aggregates, a total of 43 aggregates were experimentally investigated.
Normal aggregates crushed using a jaw crusher have angularities. Because the degree of angularity of each aggregate is different, the angularities may influence drying shrinkage of concrete. In order to reduce this influence as much possible, the angularities of every normal aggregate were removed to some extent by using a Los Angeles abrasion test machine in which normal aggregate was worn via 10,000 rotations. Next, normal aggregate was classified into coarse aggregate with sizes of 15-5 mm and fine aggregate with sizes of 5 mm under. The grading of coarse aggregate was adjusted such as 15-10 mm and 10-5 mm become equivalent. The fine aggregate was divided into 5 sizes using sieves with sizes of 5, 2.5, 1.2, 0.6 and 0.15 mm, and then each size of aggregate was mixed in equivalent amounts. Granules under 0.15 mm were excluded from fine aggregate. The grading of lightweight aggregate was also adjusted in the same manner as for normal aggregate. Thanks to these adjustments, it is not necessary to consider the effects of shape, maximum size and grading of aggregate on drying shrinkage of concrete.
Every aggregate was used under saturated surface-dry condition. Lightweight aggregate was boiled to achieve a fully saturated condition.
(2) Properties of aggregate
The density under absolute dry condition and initial water content of used aggregates are also listed in Table  3 . The initial water content of aggregate means the water content which the aggregate exhibited prior to the casting of concrete. The static modulus of elasticity and Poisson's ratio of normal aggregate were measured using a cylindrical specimen with a diameter of 30 mm and a height of 60 mm that was cored from parent rock. Lightweight aggregate was arranged in a rectangular form for the measurements. The length change of aggregate was measured by the method using a contact type dial gauge like in the previous experiment. A slender specimen with a diameter of 20 mm cored from rock was used for measuring the length change of normal aggregate.
(3) Properties of cement paste
The water-cement ratio of concrete was 0.59 as described later. Cement paste with this water-cement ratio showed remarkable segregation and therefore it was very difficult to make specimens. For this reason, the properties of hardened cement paste were estimated from the measured results of mortar with various contents of fine aggregate, although the details of the experiment are not described here. The properties estimated were the static modulus of elasticity, Poisson's ratio and drying shrinkage of hardened cement paste.
(4) Properties of concrete
In order to facilitate comparison among concrete specimens, mix proportions by volume were kept constant throughout, as shown in Table 4 .
The concrete specimens were prisms of 40×40×160 mm and were dried in air at 20°C, with relative humidity of 60% after water curing for 28 days. The length change of concrete due to drying was measured by a comparator. The changes in length and mass of every concrete specimen were judged to reach approximately their equilibrium state after drying for 280 days. Thereafter, all specimens were dried in an electric oven at 105°C until mass changes no longer occurred, and then the strain under absolute drying was measured.
Experimental results and discussions (1) Relation between properties of aggregate and drying shrinkage of concrete
The extents of shrinkage of concrete made with each kind of aggregate are shown in Fig. 15 . As is evident from the experimental condition, the differences among the various concrete specimens lie only in the properties of aggregate, and thus the extents of shrinkage of concrete shown in the figure are brought about only from the difference in physical properties of aggregates. The extent is wide on the whole, and the ratio of maximum shrinkage to minimum shrinkage can reach 14. It is true that some of the aggregates used in this experiment are of no practical use, but there is no doubt that the shrinkage of concrete depends strongly on the properties of aggregate. Figure 16 shows the relation between the basic properties of aggregate and drying shrinkage of concrete under oven dry condition. Some concretes showing extremely large shrinkage are excluded from these figures, because they seem to require special consideration.
In case of normal aggregate, the basic properties of aggregate strongly relate to shrinkage of concrete, so it is necessary to check basic properties when selecting normal aggregate. Assuming that the region drawn by longitudinal lines in the figures indicates the conditions for normal aggregate to be of good quality, the extent of drying shrinkage of normal concrete whose aggregate meets these conditions is wider than that of lightweight concrete. This means that it is possible for drying shrinkage of normal concrete to be large, even if good-quality normal aggregate is used. The data of lightweight concrete are considerably apart from the tendency of normal concrete so that the drying shrinkage of both types of concrete cannot be comprehensively interpreted by the basic properties of aggregate.
It has been thought that aggregate restrains shrinkage of hardened cement paste and reduces the whole shrinkage of concrete as the result. Considered from such a viewpoint, the modulus of elasticity seems to be the most important property of aggregate. Figure 17 shows the relation between the modulus of elasticity of aggregate and drying shrinkage of concrete. Insofar as normal concrete is concerned, the larger the modulus of elasticity of aggregate, the smaller the shrinkage of concrete, so the effect of restraint due to aggregate is apparent. On the other hand, lightweight concrete shows a different shrinkage behavior from normal concrete. This means that it seems not to be sufficient to take up only the restraining effect of aggregate as the role of aggregate with regard to drying shrinkage of concrete.
As mentioned above, length change of aggregate it- self due to drying is not necessarily negligible. Figure  18 shows the relation between length change of aggregate and drying shrinkage of concrete. The length change of aggregate is the strain from fully saturated condition to absolute dry condition.
There is an obvious proportional relation between these quantities, and especially both data of normal and lightweight concrete place approximately on the same straight line. This means that the length change of aggregate particle largely affects the shrinkage of concrete, and that because of the small length change of lightweight aggregate, the shrinkage of lightweight concrete can be small.
(2) Effect of length change of aggregate on drying shrinkage of concrete The above experiments demonstrated that the length change of aggregate is caused by a change in surface energy of the substance, and that the value of length change depends on the internal surface area. As shown in Fig. 12 , there is a proportional relationship between the internal surface area and swelling strain after soaking for approximately 1600 hours. The aggregates used in the experiment here differ from those used in the previous experiment. Figure 19 shows the relation between the internal surface area and drying strain of aggregate used here.
There exists an obvious proportional relation between these quantities for both normal and lightweight aggregates, reconfirming that the most important factor related to the length change of aggregate is the internal surface area. This means that the length change of aggregate is caused by the change in surface energy, but there are exceptional aggregates that are not included in the figure. One of the exceptions is normal aggregate made from limestone. In Fig. 18 , there are two measurement points located on the left side of the vertical axis. This means that these aggregates swelled due to complete drying compared with the initial stage under the fully saturated condition. This swelling of aggregate due to drying is a unique phenomenon and these two aggregates showing the swelling are both limestone. Three aggregates made from limestone were used in this experiment. Figure 20 shows their length change related to change in water content when they were soaked in water and then dried in air.
One of the limestones swells due to absorption and shrinks due to drying so that length change of this aggregate seems to be caused by the change in surface energy like in many other aggregates. On the other hand, the mechanism of length change of the other two limestones cannot be explained by the change in surface energy because they shrink in water and swell just before the end of drying almost to the pre-soaking length. The driving force causing such unique length change seems to be capillary tension. When the aggregates are soaked in water, a meniscus is formed in capillary cavities and the aggregates shrink by capillary tension. At the final stage of drying, capillary tension disappears due to the disappearance of the meniscus, so the aggregates swell to the pre-soaking length. Figure 21 shows the relation between the decrease in mass and drying shrinkage of concrete due to drying. Most concretes including lightweight concrete merely shrink with decreases in mass, but two concretes using aggregate made from limestone swell at the last stage of drying, namely oven drying. It is evident that the swelling of these concretes is caused by the swelling of the aggregate itself.
As mentioned above, there is an opinion that the drying shrinkage of lightweight concrete is small because lightweight aggregate swells due to drying. The result obtained by the author's experiment, which measured the length change of lightweight aggregate, was the direct opposite of the expected result. However, swelling of aggregate due to drying can occur depending on the stone quality of the aggregate, because swelling of aggregate made from limestone was also observed during the author's experiment.
The second exception not included in Fig. 19 is aggregates showing extremely large shrinkage. Three aggregates correspond to this category, and the shrinkages of these aggregates and concretes made with these aggregates are shown in Table 5 . Because of the extremely large shrinkage of aggregate itself, drying shrinkage of concrete is also extremely large.
This excessive shrinkage seems to be caused by the clay included within aggregate. During mixing and placing of concrete containing these aggregates, the workability of the concrete changed rapidly and fluidity was lost to a considerable extent. These phenomena were assumed to be caused by adsorption of mixing water to clay within the aggregate. It is well known that clay causes excessive concrete shrinkage, so it is necessary to pay special attention to the existence of clay within aggregate.
(3) Effect of aggregate from standpoint of multiphase aspect Concrete is a composite material that is made up of cement paste and aggregate. Considering the properties of cement paste and aggregate, several theoretical formulae for shrinkage of concrete have been proposed. Among these theoretical formulae, Pickett's equation (1956) , below, has often been quoted.
where, 
where, n: E a /E p , m: ε a /ε p , E p : modulus of elasticity of cement paste, ε a : shrinkage of aggregate.
As shown in Fig. 22(b) , the extent of the values calculated with this equation is wider than that of the values calculated with Pickett's equation. This seems to be the result of the fact that the shrinkage of aggregate was reflected into the calculated values, and it is recognized that the shrinkage of aggregate plays an important role for the evaluation of shrinkage of concrete. However, the correlation of the calculated values by this equation with experimental values is not still good, so another factor may be related to the shrinkage of concrete.
Shrinkage of hardened cement paste is restrained by aggregate so that hardened cement paste is subject to tensile stress. Because the stress holds on during drying, plastic deformation of the paste occurs. According to the test of tensile creep of hardened cement paste, creep coefficient of ψ = 2.40 was obtained after loading of 280 days. In order to consider the effect of the creep, effective modulus of elasticity, E eff = E p /(1+ψ), was substituted into Hansen-Nielsen's equation. As shown in Fig. 22(c) , the predicted shrinkage shows a reasonable agreement with the experimental shrinkage taking into consideration tensile creep of paste. Therefore, the plastic deformation of paste seems not to be negligible but rather an important factor related to shrinkage of concrete.
Examining Fig. 22(c) in detail, whereas the correlation between measured and calculated shrinkage of normal concrete is fairly good, the correlation of lightweight concrete is relatively bad, that is, the calculated values are somewhat larger than the experimental values. This means that some factors, except for factors involved in Hansen-Nielsen's equation, can be related to the shrinkage of lightweight concrete. The change in structure of paste due to high absorption of lightweight aggregate can be given as a factor. If water is supplied from the aggregate to the paste during drying, in addition to the fact that shrinkage of the paste would be delayed, the structure of the paste itself would change due to continuous hydration, resulting in small final shrinkage.
Conclusions
In this investigation, the length change of aggregate due to absorption and drying was measured by an original method and the effect of aggregate on drying shrinkage of concrete was examined. The results obtained can be summarized as follows.
(1) Length change of aggregate is much smaller than that of hardened cement paste, so it was confirmed by this experiment that the dominant cause of dry- ing shrinkage of concrete is that of cement paste. However, shrinkage of aggregate is not necessarily negligible.
(2) Length change of lightweight aggregate tends to be smaller than that of normal aggregate. The length change with the passage of time of lightweight aggregate differs from change in water content. Lightweight aggregate exhibits a characteristic pore structure, such as a great number of large size pores but a small number of micro pores. The complexity of length change with the passage of time can be explained based on the pore structure and the process of water moving within aggregate. (3) Length change of most aggregates seems to be caused by a change in surface energy due to absorption and drying. In this case, the internal surface area of aggregate is strongly related to the value of length change. Because of the small internal surface area, length change of lightweight aggregate is small. (4) Because of the small shrinkage of lightweight aggregate, shrinkage of lightweight concrete is relatively small. Change in structure of paste due to high absorption of lightweight aggregate can also decrease shrinkage of lightweight concrete. (5) Normal aggregate has been generally considered not to be subject to change in length due to drying. However, there are many normal aggregates showing large shrinkage because of a large internal surface area, even if their density and absorption meet the standard requirements. Drying shrinkage of concrete with such normal aggregate can be large, so special attention is required. (6) Some normal aggregates made from limestone shrink due to absorption and swell due to drying. The driving force carrying such unique length change seems to be capillary tension. Concrete with such aggregate swells at the last stage of drying. When using aggregate that contains clay, special attention is required because shrinkage of concrete can be extremely large.
